In this paper, we present a simple design of a T-ring resonator sensor for characterizing solid detection. The sensor is based on a planar microwave ring resonator and operating at 4.2 GHz frequency with a high-quality factor and sensitivity. An optimization of the T-ring geometry and materials were made to achieve high sensitivity for microwave material characterizations. This technique can determine the properties of solid materials from range of 2 GHz to 12 GHz frequencies. Techniques of current microwave resonator are usually measuring the properties of material at frequencies with a wide range; however, their accuracy is limited. Contrary to techniques that have a narrowband which is normally measuring the properties of materials to a high-accuracy with limitation to only a single frequency. This sensor has a capability of measuring the properties of materials at frequencies of wide range to a high-accuracy. A good agreement is achieved between the simulated results of the tested materials and the values of the manufacturer's Data sheets. An empirical equation has been developed accordingly for the simulated results of the tested materials. Various standard materials have been tested for validation and verification of the sensor sensitivity. The proposed concept enables the detection and characterization of materials and it has miniaturized the size with low cost, reusable, reliable, and ease of design fabrication with using a small size of tested sample. It is inspiring a broader of interest in developing microwave planar sensors and improving their applications in food industry, quality control and biomedical materials.
Introduction
Recent developments in microwave resonator sensors, such as planar sensors, has motivated a growing research interest in high accuracy resonator designs. It is well-known that the microwave planar sensor is one of the most active areas in characterizing and detecting the dielectric material properties. This is due to its advantages of having simplicity in circuit designs and low-cost fabrication process. Numerous studies have been demonstrated various design approaches of microwave sensors for characterizing solid and liquid materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Concerning water content, studies have been done on the potential applications of microwave sensors in the food industry such as measuring the dielectric properties of several fresh fruits, hard red winter wheat, a fresh chicken breast and meat [14] [15] .
A common method is presented by Author in [16] and used to find the quality factor of half-wave line transmission resonators [17] . Generally, the half-wave resonator has been used for determining the attenuation of transmission line which can be easily measured at high frequencies. However, the half-wave line resonator has disadvantages of having large size of substrate area, and less accuracy measurement for higher frequencies causes by radiation losses of coupling gaps as indicated in Figure 1 . Therefore, the quarter-half wave resonator is developed for reducing the radiation, improving the accuracy of measurement, and minimizing the circuit size.
In this paper, a quarter-wave T-ring resonator stub is developed in order to characterize the properties of solid materials. The T-ring resonator design is presented with all the mathematical and theoretical calculation used in analysis. The T-ring microstrip resonator method can be used for sensing application such as quality control of food industry and bio-sensing. Figure 2 demonstrates the configuration and design parameters of open T-stub resonator base on quarter-wave transmission. Roger RT/Duroid 5880 is used as substrate materials with thickness of 0.787 mm, loss tangent of 0.0009, permittivity of 2.2, and copper thickness of 17.5 µm. The proposed sensor has a dimension of cross section 37 mmx27 mm, (Wg, Lg) respectively, at operating frequency of 4.2 GHz. The width of the microstrip line can be found from [18] .
Research Method
The circuit of open stub quarter-wave line transmission creates a response of band stop (S21). The stub can be modelled and replaced by a circuit of lumped element resonator at near the resonance of stub as demonstrated in Figure 3 . The two-port network (S21) in Figure 3 can be calculated at or near resonance using (1) [14] :
where Z o is the characteristic impedance of the measured system and Z in is the input equivalent impedance for the resonator of the lumped element demonstrated in Figure 3 . (2) where:
where r is the substrate permittivity, W is the width of the microstrip conductor line, h is the thickness of substrate, eff is the dielectric effective permittivity for medium of a homogenous that replaces the air region and the dielectric of the microstrip. The copper trace of the microstrip line width W is matched with an input and output 50 Ω SMA connectors and Vector Network Analyser.
The open-ended stub length is selected as a quarter wave-lengths at 4.2 GHz operating frequency. The stub length can be approximately modeled with the fundamental equation for a resonator of quarter-wave [19] :
where: n is the resonance order (n=1,3,5,…) c is the light speed f is the resonance frequency ε eff is the dielectric effective constant. the Q-factor of resonant frequency can be found by using the following equation:
where: Q is the measurement of quality-factor f o is the resonant frequency (MHz) B.W is the bandwidth at 3dB (MHz)
Results and Analysis 3.1. Location of Material under Test (MUT)
The change of the resonance frequency behavior is based on the interacting the electric field of the T-ring resonator with the test materials which is known as material under test (MUT). Therefore, it is mainly important to determine the region for locating the MUT for accuracy and sensitivity of the measurement where in this case; a maximum electric field of T-ring resonator is demonstrated in Figure 4 (a) (The red color illustrates the most electric field region). The MUT is overplayed on the copper track of the T-ring resonator substrate as shown in Figure 4 (b). The MUT perturbs the field distribution of T-ring resonator that causes a shifting in resonant frequency response and reduction in quality factor. The response of the resonant frequency variation is based on the MUT that has different permittivity and properties. Figure 4 (c) illustrates the perturbation theory between the MUT and electric field of T-ring resonator where the perturbation to the sensor can be determined by the location and the size of the tested material. 
Frequency Analysis
Simulation result of T-ring resonator without overlay soild smaple is illustrated in Figure 5 . The obtained resonant frequency is occured at 4.2030 GHz operating frequency with a frequency range between 2 GHz to 12 GHz. It can clearly be seen that the T-ring resonator has a narrower stop-band and sharper dip that reveals its high quality factor. Furthermore, the results illustrate some small deviation between the theory calculated by (2) and the simulation. The simulated frequency is slightly shifted from the theory by 3 MHz to the higher frequency. 
Sensitivity Analysis
The response of the T-ring resonant frequency is dependent on the dielectric constant of the surrounding materials. Thus, when the tested material with different value of permittivity is tested on the T-ring, the electric field of the resonator is perturbed and causes a change in the resonant frequency. The tested materials are loaded where the maximum electric field of the T-ring resonator is generated as illustrated in Figure 6 .
To quantify sensitivity, the unloaded T-ring resonator frequencies (Air) along with loaded materials (Roger 5880, Roger 4350, and FR-4) are simulated. It can be demonstrated that the relative change of the resonant frequency (∆f) and corresponding permittivity (∆ε) is linear. The T-ring sensor sensitivity S, is defined as (if T-ring sensor is loaded with FR-4 sample):
Air FR4 ff f Sensitivity,S (6) where: Δε is the change permittivity of tested material corresponding
Δf is the change of frequency Figure 6 . Testing the standard materials on the T-ring resonator sensor
To validate the results of T-ring resonator sensor, several solid materials with a standard permittivity have been tested. Figure 7 demonstrates the frequency responses of those standard materials. It is obvious that the response frequency is shifted to lower frequency and it is dependent on the tested material properties. FR4 material with a standard permittivity of 4.4 has the highest shift among others since it has the highest value of permittivity. The shifting percentage is about 3% compared to the unloaded T-ring resonator sensor.
Three MUT smaple materials have been tested with a permittivity ranging from 1 to 4.4. The coated copper layer of tested FR-4 were completely removed to realize a thickness of 1.6 mm with a permittivity of 4.4. Similary, Roger 5880 and Roger 4350 were used to realize a thickness of 0.789 mm and 0.508 mm with a permittivity value of 2.2 and 3.48, respecitvely [20] . Figure 7 demonstrates the change of transmission coefficient with respect to the change of sample permittivity of the tested material. As expected using analytical simulations, the resonant is shifted to lower frequency when increasing the MUT permittivity and a minimum transmission coefficient is obsereved. If we consider the result of high loss tangent such as FR-4 material with permittivity of 4.4, the shift is about 18%. While Roger 5880 has a shift of 10% since it has a low loss tangent with permittivity of 2.2.
Range of dielectric samples between 1 to 10 are tested and simulated in the T-ring resonator sensor for visualizing the sensing of the design applications. Figure 8 illustrates the resonant frequency shifting to lower frequencies accordingly when increasing the value of permittivity of the tested material. This is due to the interaction between the T-ring sensor To visualize the sensing application of the designed sensor, a MUT sample with varying the permittivity from 1 to 10 were loaded and simulated. The result is illustrated in Figure 9 , where the resonant frequency is shifted down accordingly. This is because of the interaction between the electric field of the sensor and the loaded MUT where increasing the permittivity of MUT will cause a frequency shift. Furthermore, an empirical equation has been developed for the permittivity of MUT and the resonant frequency relationship. This empirical equation can be modeled based on curve fitting technique using 2 nd order polynomial for the presented data in Figure 9 and it can be formulated as follows:
42.36f 92.99 (7) Figure 9 . The 2 nd order polynomial fit for various value of MUT permittivity with respect to resonance frequency
The sensitivity and resonant frequency is affected by the amount of sample's thickness for under loaded condition. Figure 10 illustrates the designed T-ring sensor for measuring the material of known and un-known permittivity. An investigation of the sample's thickness has been presented in Figure 11 where a 6 mm is considered as a lowest sample's thickness to test 495 materials. However, for more reliability and accuracy of the detection limits; an average thickness value of 10 mm is used as reporting limits for the T-ring sensor. It can be seen from the Figure 11 that the smaller sample thickness is affecting the resonant frequency since the thickness of sample is considered to be smaller than the penetration depth of electric field inside the sample and it remains constant for larger value of sample's thickness. Therefore, a further increment of sample's thickness will not affect the resonant frequency and sensitivity of the sensor. 
Conclusion
This paper proposes a T-ring resonator solid material sensor. The solid sensor is composed of T-ring of quarter wave transform which is etched on the top of a substrate. A MUT is placed on the most sensitive area of the T-ring patch. When a solid is placed on the top of the T-sensor, the resonant frequency is changed due to the variation of effective permittivity. The proposed solid T-ring resonator is realized on substrate of Rogers Duroid 5880 at 4.2 GHz operating resonant frequency. The performance of the solid sensor is validated using three standard materials with known permittivity and the results illustrates a unique frequency response when the permittivity of known materials changed from 1 to 4.4 (Air with εr=1, Roger 5880 with εr=2.2, Roger 4350 εr=3.45, and FR4 εr=4.4). The T-ring resonator is miniaturized the size with low cost, reusable, reliable, and ease of design fabrication with using a small size of tested sample which makes it a suitable candidate for measuring low materials permittivity at 
